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@ Thermistor and method of fabrication. 

@ A high temperature thermistor (24) is fabricated from 
titanium dioxide ceramic forming material which is pro- 
cessed to produce a sensor body (58) having a pair of 
electrical leads (34. 36) in spaced apart relation embedded 
within the body and with the body having a porosity com- 
patible with use as a rapid response time partial pressure 
01 oxygen responsive sensor. The sensor body (58) is then 
coated with a layer (60) of oxygen impervious barrier or 
maskant material. This material masks the sensor (58) 
_ from any changes in the partial pressure of oxygen of its 
\i environment and permits the sensor to respond electrically 
^ exclusively to changes in the temperature of its eriviron- 
ment. At elevated temperatures above about 700''F the 
^ encapsulated titania ceramic material behaves as a semi- 
^ conductor having a resistance which is responsive to the 
|A temperature of the sensor element (58). The thermistor 
(24) is fabricated by processing titania powder which in- 
1^ eludes a substantial majority of rutile phase material. 
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lESCRIPTION 

1 This invention relates to thermistors. 

It has been detemined that the operation of a conventional 
automotive internal combustion engine produces substantially quantities 
of deleterious gaseous combustion by-products. The principal pollutants 

5 so produced are hydrocarbons, carbon monoxide and varies oxides: of nitro- 
gen* Extensive investigation into the combustion process, examination 
of fiiltemative combustion processes and detailed studies of exhuast ^s 
treatment devices have led to the conclusion that the use of a catalytic 
converter within the exhaust system of an internal combustion engine pro- 
10 vides a practical and effective technique for substantially reducing the 

emission of the deleterious gaseous combustion by-products into the atmos- 
phere. 

A catalytic exhaust gas treatment device or converter which is 
capable of substantially simultaneously converting all three of the afore- 

15 mentioned principal pollutants into water, carbon dioxide and gaseous 
nitrogen is referred to as a "three-way catalyst". However, for the 
Icnown three-way catalyst devices to be most effective, the gaseous by- 
products introduced into the converter must be the by-products of com^ 
bustion of a substantially stoichiometric air/fuel ratio. Such three:-way 

20 catalyst devices are said to have a veiy narrow "window** of air/fuel 
ratios at which the device is most efficiently operative on the three 
principal pollutants. By way of example, if > is the air/fuel ratio 
normalized to stoichiometiy, the window may extend from about 0.99V to 
about l.OlX. Such a three-way catedyst device is described, for example, 

25 in United States Letters Patent 3,895,093 issued to i;;'eidenbach et -al. on 
July 15, 1975, assigned to Kali Chemie Akrtiengesellschaft and titled 
••Catalytic Removal of Carbon Monoxide Unburned Hydrocarbon and Nitrogen 
Oxide from Automotive Zxhaust Sas". For air/fuel ratios of the combustion 
mixture on either side of the window, one or two of the principal pollu- 

30 tants will be converted in only ver^^ small percentage efficiencies. Y/ith- 
in the window, the three principal pollutants will be cororerted at: veiy 
high efficiencies approaching 90',:' in some cases. In view of the. narrow- 
ness of the catalytic converter window it has been determined that the 
associated combustion source must be operated with a combustible mixture 

35 as close as possible to stoichiometiy. 
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1 The most satisfactory technique for assuiing continuous or sub- 

stantially continuous operation at the optimum air/fuel ratio is through 
the utilization of an appropriate feedback mechanism. In implementing 
suitable feedback control systems it has been proposed to employ sensors 
5 responsive to the chemistiy of the exhaust gases, that is, the hot gaseous 
combustion by-products, in order to control the precise air content and/ 
or fuel content of the air/fuel mixture being provided to the combustion 
source ♦ One type, of electrochemical eachaust gas sensor employs a ceramic 
material which demonstrates a predictable electrical resistance change 

10 when the partial pressure of oaiygen of its environment changes. An ex- 
ample of such a material is titania (titanium dioxide havipg a general 
f onnula TiO^) • Such sensors may be fabricated generally in accordance 
with the teachings of United States LettersrPatent 3>886,785 issued to 
Stadler et al,, entitled "&as Sensor and Method of Manufacture". Tests 

15 of such devices have shown that at elevated and substantially constant 

temperatures the devices will demonstrate a virtual step change in resis- 
tance for rich-to-lean and lean-to-rich excursions of the air/fuel ratio 
of the combustion mixture producing the exhaust -gas environment of the 
device. 

20 A principal diff icully which has been encountered with such 

variably resistance devices resides in the fact that such devices 
demonstrate a measurable resistance change which is also a function of 
change of the t^perature of the ceramic material. For example, a temp- 
erature change of about 500 produces a measurable resistance change on 

25 the order of magnitude of a sensed rich-to-lean or lean-to-rich air/fuel 
mixture change. Such a temperature variation may be encountered, depen- 
ding of course to some extent on the location of placement of the sensor 
within an exhaust system, during acceleration of the associated engine 
from idle speed to highway speeds. Heretofore, exhaust gas sensors which 

30 employed a variable resistance sensor ceramic have required that the tem- 
perature of the material be relatively closely controlled for reliable 
use in a feedback system intended to provide an internal combustion engine 
with very precise air/fuel ratio control. 

. Temperature control of the associated sensor has proved to be 

35 an expensive and not wholly satisfactory technique for adapting such 

variable resistance sensor ceramic materials to air/fuel ratio feedback 
control systems in automotive internal combustion engines. In order to 
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1 ■ overcome the difficulties encountered, it has "been suggested to comhine 
a thermistor in an electrical series circuit with the variable resis- 
tance exhaust gas sensor and to operate the electrical series 'circuit 
as a voltage divider network deriving a useful voltage signal from the 

5 junction between the thermistor and the variable resistive gaa sensor 

element. However, inown thermistors are not capable of operating within 
the exhaust gas environment of a combustion source. To operate within 
such an environment, the thermistor must be capable of withstanding temp- 
eratures in the range of from TOO^F to 1500^F for extended periods of 
10 time and also be capable of tolerating the adverse chemical environment 
of an automotive engine eadiaust system. 

According to the present invention, there is provided a therm- 
istor comprising a body of ceramic material; two electrical leada embedd- 
ed in mutually noncontacting relation in said body, said ceramic matexdal 
15 having an electrical resistance which varies with temperature and with' 

partial pressure of oxygen at elevated temperatures characterised in that 
the body of ceramic material is substantially completely encapsulated 
in a coating of oxygen-impervious material. 

In analysing the reason why a partial pressure of oxygen res- 

20 poixsive ceramic material such as titania also demonstrates a measurable 
resistance change in the presence of variation in temperature, it was 
detennined that the ceramic material functions as a composite variable 
resistor having a resistance variation component vdiich is responsive to 
changes in partial pressure of oxygen and a further resistance component 

25 which is responsive to changes in temperature. Since, according to our 
' determination, the ceramic material functions as a composite variable 
resistor, we have determined that a suitable thermistor may be fabricated 
provided the oxygen sensitivity of the ceramic material can be eliminated. 
We have determined that o^srgen sensitivity can be eliminated by encapsu-' 

30 lating a porous titania partial pressure of o^gen responsive s.ensor in 
a material which is oxygen impervious and which is also preferably relat- 
ively compatible with the titania in terms of thex^l expansion: match 
and nonreactivity. Both glass and. ceramic materials generally offer the 
best source of encapsulant. By encapsulatii^ the titania partial pressure 

35 of oxygen responsive sensor in a material which comprises an o^/gen 

barrier or maskant, the titania sensor so encapsulated will be exposed to 
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1 an essentially constant partial pressure of oaygen in its environment 
and airy electrical variation can be attributed Bolely to the influence 
of change in temperature of the thermistor. The present invention thus 
provides a titania thermistor comprised of porous titania ceramic mater- 
5 ial which has been processed to form a partial pressure of oxygen res- 
ponsive sensor but which is encapsulated in oxygen bearer mask material. 

A preferred embodiment of the invention will now be described, 
by way of example only, with reference to the drawings in which:- 

Figure 1 illustrates an exhaust gas sensor construction incor- 
10 porating a thermistor according to the present invention. 

Figure 2 illustrates, in an exploded view, the exhaust gas sen- 
sor according to Figure 1. 

Figure 3 illustrates the electrical series connection of the 
partial pressure of oxygen responsive ceramic sensor member with a 
15 thermistor member. 

Figure 4 illustrates an exaarged sectional view of a thermistor 
fabricated according to the present invention and illustrating the encap- 
sulant according to the present invention. 

Referring now to the drawing wherein like numerals designate 
20 like structure throughout the various views thereof, an exhaust gas 

sensor 10 is shown in Figure 1. Exhaust gas sensor 10 is of utiliiy, 
for example, as the partial pressure of oxygen responsive element inser- 
table into the eAauat system of an internal combustion engine or a fur- 
nace for monitoring the partial pressure of oxygen of tte hot gaseous 
25 combustion by-products produced thereby in order to generate a signal 

indicative of the quality of the combustion process. In particular, the 
equivalence ratio, X , of the combustion mixture heing provided to the 
engine or furnace may be determined by analysis of the partial pressure 
of oxygen within the exhaust gases. 
30 V/ith reference now to Figures 1 and 2, and particularly to 

Figure 2, an exhaust gas sensor 10 incorporating the present invention 
is illustrated and one possible method of assembly is described. Exhaust 
gas sensor 10 is provided with a housing means 12 which is threaded as 
at 14 for engagement with a suitably threaded aperture provided th6^^efo^ 
35 within the exhaust gas conduit, not shovm, of the combustion source. 

Ceramic insulator member l6 extends through housing means 12 and includes 
a forv;ard3y projecting sensor support portion 18. Sensor support portion 
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18 includes fcrwardly projecting collar 20 which defines a well or cav- 
ity 22. Porwardly projecting portion 18 ia broken away at 21 in Pigure 
1 for illustrative purposes. The sensor 10 includes a pair of ceramic 
sensor elements or members 24, 26 received within well 22. Three elec- 
trical terminal members 28, 30, 32 extend rearwardly from ceramic insu- 
lator member 16. Electrical terminal members 28 , 30 , 32 are adapted 
for receipt of suitable mating connectors, not shown, to electrically 
communicate exhaust gas sensor 10 with associated utilization electrical 
or electronic circuitry, not shown. 

The insert portions 28a, 50a, 32a of each of the electrical 
terminal members 28, 30, 32 may be cemented into position within the rear 
portion of ceramic insulator member I6. The preferred cement is a cata- 
lytic agent, low temperature curable cement which cures to a high density. 
Such a cement may be, for example, Sauereisen-^1. The terminal members 
28, 30 and 32 are arranged to project an electrical contact portion 28b, 
30b and 32b of each teminal member 28, 30 and 32 rearwardly from the rear 
face of ceramic insulator member 16. 

The ceramic sensor elements 24, 26 comprise a partial pressure 
of oxygen responsive ceramic such as titania, for example sensor element 
26, and a temperature compensating thermistor according to the present 
invention, for example sensor element 24. As used herein, the term ther- 
mistor refers to an electronic device which has an electrical parameter 
or property, such as its electrical resistance, which varies rapidly 
and predictably with the temperature of the device and which parameter 
or property does not vary in response to changes in partial pressure of 
oxygen of the environment of the device. 

The thermistor element according to the present invention, 
ceramic sensor element 24, is connected electrically in series with the 
partial pressure of oxygen responsive element, sensor element 26; in 
order to compensate for any tendency of the partial pressure of oxygen 
responsive element 26 to change its electrical resistancein respotise to 
temperature variation. The series connected ceramic sensor element 24, 
26 are arranged to be exposed to substantially the same exhaust gas en- 
vironment and are arranged to define an electrical voltage divider net- 
work wherein the desired output signal is derived from the circuit junc- 
tion between the ceramic sensor elements, i.e., the junction of the ther- 
mistor element with the partial pressure of oxygen responsive sensor 
element. 
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1 Zach ceramic sensor element 2if, 26 is provided with a pair of 

electrical leads 3^, 36, 38 aid i*D. Electrical leads 34 and W) are 
provided with individual insulating sleeve members 42, The electrical 
leads 36, 33 are shown being provided with a further insulating sleeve 

5 ^Jf, Insulating sleeve members 42, 42 with their interiorly received 
electrical leads 34, 36, 38 and 40 aire threaded through longitudinally 
extending bores or passages within, and which extend completely throu^ 
ceramic insulator member I6 from the bottom of well or cavity 22 to the 
rear face of ceramic insulator member l6« Electrical lead 34 and its 
10 associated insulating sleeve 42 aare inserted into the insert portion 28a 
of electrical terminal member 28. The electrical lead 34 is electrically 
united with the electrical contact portion 28b of terminal member 28, 
Similarly, electrical lead 40 and its associated insulator member 42 are 
inserted into the insert portion 30a of seconi electrical terminal mem- 
15 ber 30. The electrical lead 40 is electrically uaaited with electrical 

contact portion 30b of tenainal member 30. The conductor formed by sen- 
sor leads 36, 38 and the associated insulator sleeve member 44 are simil- 
arly inserted into the insert portion 32a of electrical terminal 32 and 
the conductive portion thereof is electrically united with the electrical 
20 contact portion 32b of terminal member 32. 

The ceramic sensor elements 24, 26 are situated within the well 
or caviiy 22 and are shown to be supported by their associated electrical 
leads 34, 36, 38 and 40. Projecting collar 20 thus may be operative 
upon insertion of the exhaust gas sensor 10 into an exhaust gas system 

25 to shield the ceramic sensor elements 24, 26 from impact by aiy solid 

particles which may be dislodged from the interior surface of the exhaust 
gas conduit. Collar 20 also protects the electrical leads 34, 56, 38 40 
from flexure induced by pressure and exhaust gas flow fluctuations witiiin 
the exhaust gas systaa. Collar 20 further protects the ceramic sensor 

30 elements 24, 26 and their electrical leads 34, 36, 38 and 40 from possible 
damage during assembly and from handling damage prior to or daring insta- 
llation into an exhaust gas system. 

Ceramic insulator member 16 is provided witft a centrally 
position enlarged annular portion 46 which is provided ^vith a seal rec- 

35 eiving recess 43 at its for7;ard shoulder. En].arged annular portion 46 

is provided with an abutment shoulder 50 at its rear. The f orvvardly pro- 
jectir^ portion IS of ceramic insulator member I6 is inserted through seal 
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member 52 and seal member 52 is loosely received within recess 2*6. The 
ceramic insulator member 16 is then inserted into housing means 12. The 
rear portion 54 of housing means 12 is then crimped or otherwise deformed 
into close intimate contact with the rear shoulder 50 of the central 
portion 46 of ceramic insulator means 16 to compressively and sealingly 
confine seal member 62 between recess 48 and a suitably provided shoul- 
der within the central portion of housing means 12. Seal member 52 ia 
operative to define a fluid tight barrier to flow around insulai»r memiber 
16 through housing means 12. Seal m^ber 52 is operative to establish a 
fluid tight barrier between the interior of an exhaust gas conduit a nd 
the exterior of the exhaust gas conduit into which an exhaust gas sensor 
10 has been inserted. 

Referring now to Figure 3, the electrical series connection 
between ceramic sensor elements 24 and 26 aid electrical leads 54, 36, 38 
and ifO is illustrated. Electrical leads 36, 38 are electrically united, 
as by welding, at junction 56. A single electrical lead 37 extends from 
junction 56. With reference to Figures 1 and 2, electrical lead 34 
communicates, for example, with terminal member 28, electrical lead 40 
communicates, for example, with terminal member 30 and electrical lead 
37 may extend throu^ insulating member 44 to communicate sensor lea;ds 
36, 38 for example, with terminal member 32. 

One of the ceramic sensor elements, for example sensor element 
24, is a high temperature thermistor fabricated according to the present 
invention. The other of the sensor elements, for example sensor element 
26, is a variably resistive partial pressure of o:^gen responsive ceramic 
such as for example titania, which also demonstrates an electrical resis- 
tance variation in response to changes in its temperature. The partial 
pressure of oxygen responsive sensor element 26 may be formed of titania 
material in the manner described in issued United States Letters Patent 
3,886,785, titled Gas Sensor and Method of Manufacture, issued in the : 
name of Heniy L. Stadler et al. and assigned to the assignee of this in- 
vention. The preferred f onn of partial pressure of oxygen responsive 
ceramic sensor element 26 to be used in fabricating exhaust gas sensor 10 
is the improved formed described in the above noted copending patent app- 
lication Serial No. (our reference US-920). Preferably, 

the thermistor member 24 and the partial pressure of oxygen responsive 
member 26 are fabricated from the same metal oxide ceramic forming base 
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1 material. The advantage of this feature is discussed hereiiibelow. 

By utilizing titania as the base material for formation of a 
thermistor to "be used in conjunction with a titania partial pressure of 
oxygen responsive sensor, economies of scale in raw material purchasing 
5 and simplification of the processing steps may be achieved. Further sim- 
plification of the processing steps can be achieved if the thermistor is 
fabricated to demonstrate a porosity consonant with use as a partial pre- 
ssure of oxygen responsive sensor and is then further processed to in- 
clude an oxygen barrier or maskant encapsulant. By utilizing a titania 

10 ceramic element processed to be porous as the thermistor a further ad- 
vantage is realised. At relatively high environmental temperatures, for 
example temperatures above about 16CX)^P, the electrical resistance com- 
ponent of titania which varies as a function of temperature drops signif- 
icantly. One form of titania-based thermistor which has been proposed, 

15 the densif ied titania form, demonstrates a lowe3red inherent resistance 
due to the increase in density. By maintaining titania porosity in the 
thermistor, high environmental taaperatures will not cause the thermistor 
resistance to drop to a value which is sufficiently low that the junction 
voltage would go out of the range of input voltages for associated elec- 

20 tronics intended for feedback control using single set point control 
logic. 

The thermistor ceramic sensor element 24 according to the inst- 
ant invention is formed from essentially pure titania powder. The ther- 
mistor chip member 24 may be fabricated in much the same manner as is 

25 taught in the noted patent 3,886,785 to Stadler et al. for fabrication of 
partial pressure of oxygen responsive ceramic sensor elements with one 
principal difference. After a ceramic wafer has been formed including 
the provision of two extending electrical leads and having the desired 
porosity, an additional step is performed on the resulting element to 

30 form the thermistor according to our invention. This additional step 

comprises encapsulating the ceramic element in an oatygen barrier or mask- 
ant material selected to be thermally, chemically, and electrically com- 
patible with the titania material. Such an encapsulant can be selected 
from the general classes of materials descrtbed as glasses and ceramics. 

35 An example of a suitable glass is Kimble glass ES-1 which is a boro- 

silicate glass. An example of a suitable ceramic is Sauereisen^t? 8 enca- 
psulant. In selecting a suitable glass or ceramic encapsulant, the ex- 
^ected- operating range of "temperatures must, be. taken into consideration 
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1 along Tdth the electrical, chemical and thermal properties of the con- 
templated encapsulant. 

The preferred method of fabricating the thennistor chip moodher 
involves the preparation of a substantially pure titania powder,^ As tit- 
5 ania has two phases, the anatase phase and the rutile phase, and the rut- 
ile phase is the high temperature stable phase, the titania powder could 
. be comprised of a substantial majority of rutile phase material. In order 
to convert anatase phase material to rutile phase material, the material 
may be calcined, for example for two hours at 21D0°P, and then ball milled 
10 to produce powder having small particle sizes. The majorily of the pow- 
der so produced will be rutile phase material. Calcining also improves 
the purity of the powder by volatilizing any volatilizable impurities. 
Consonant with processing to achieve a partial pressure of oaygen res- 
ponsive device, the powder should have lOOJ? of the particles smaller in 
15 size than 20 microns and should have a substantial majority of the powder 
with the particle size smaller than about 10 microns. The processed pow- 
ders may thereafter be mixed, for exai:5)le in a ball mill, with an organic 
binder solution to form a slurry. 

The slurry may be cast, that is, formed onto a tape or sheet 
20 of material such as cellulose acetate or polytetrafluoroethylene (PTEE^, 
after which the slurry may be air dried, to fom a sheet or tape of 
material. Suitably sized airL shaped sensor element wafers of the air 
dried material may then be cut from the 1ape for further processing. A 
pair of lead wires 54, 36 may be inserted into the sensor element at this 
25 stage and the sensor element may thereafter be sintered to a pyrometric 
cone equivalent number 9» 

The ceramic element, which at this stage may be either a partial 
pressure of oxygen responsive element or a thermistor, is then coated 
with a slurry of powdered glass and water and is heated to a temperature 
30 of 1900°P for a period of time of about 15 minutes in order to form the 

glass coating and establish the element as a thermistor. The glass encap- 
sulates the chip, masking it from any chemical or electrochemical inter- 
action with its environmental atmosphere making it insensitive to changes 
in the oxygen partial pressure of the environmental atmosphere. 
35 Referring now to Figure 4, an enlarged sectional view of the 

thermistor chip member 24 according to the instant invention is illus- 
trated. The thermistor chip member 24 comprises an interior titaria body 
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58 and an encapsulant coating 60 which completely surrounds and encap- 
sulates the titania element 58. Also illustrated are the interiorly 
positioned electrical leads Jif, 36. 

In a second fahrication process, the sintered titania chip 
is coated with a slurry of the selected ceramic fonning material, such 
as Sauereisen-^^J S and including a curing catalyst. The slurry-coated 
chip is then air dried and cured hy firing at elevated tftnperature 
approximating the anticipated maximum use temperature for its recommended 
cure time. 

In one form of construction, a pair of lead wires 34, 36 are 
placed between a pair of sensor element wafers prior to sintering. In 
another form of construction, a pair of lead wires are impressed into a 
single wafer prior to sintering. 

It will he appreciated that, hy using substantially identical 
starting materials and by adding to the processing a coating step, the 
electrical response of the sensor chip members to temperature variation 
will be substantially identical while the responsiveness of the thennistor 
chip member to variation in oxygen partial pressure will be substantially 
eliminated. The resulting ceramic thermistor is thus compatible with and 
suited for operational use with the titania partial pressure of oxygen 
responsive chip member and will demonstrate a high temperature resis- 
tance which is compatible with use in a voltage divider network used to 
generate an input signal to electronic utilization means designed to 
operate in accordance with a single set point. 
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CLAIMS 



1 1. A thermistor comprising a "bo^ of ceramic material; two 

electrical leads em'bedded in mutually noncontacting relation in said 
"body; said ceramic material having an electrical i^esistdnce which varies 
with temperature and with partial pressure of oxygen at elevated:. tem- 

5 peratures characterised in that the body of ceramic material is sub- 
stantially completely encapsulated in a coating of o:grgen-iinpervious 
material. 

2. A thermistor according to Claim 1 characterised :in that said 
ceramic material is titania, 
10 3, A thermistor according to Claim 1 or Claim 2 characterised 

in that said body has a density of from 72fo to B^l of the theoretical 
density of the ceramic material. 

2f. A thermistor according to ary one of Claims 1 to 3 charac- 
terised in that the oxygen impervious material comprises a borosilicate 
15 glass • 

5. A temperature sensing device for an engine eAaust system 
comprising a housing adapted to be mounted in the engine exhaust system 
and a theimistor according to any one of Claims 1 to 4 supported in the 
housing for location in the exhaust gases passing through the exhaust 

20 system. 

6. A device according to Claim 5 characterised in that a cera- 
mic insulator having a f orwardly-projecting sensor portion and a rear- 
wardly-extftnding terminal portion is mounted in the housing, the forwardly 
projecting sensor portion defining an open caviiy within idiich the ther- 

25 mistor is received, said cavity having a depth sufficient to shield the 
thermistor from the flow of gaseous combustion products in the exhaust 
system, and passages extend rearwardly from the cavity within the ceramic 
insulator to the terminal portion, the electrical leads to the thermistor 
being received in respective ones of the passages. 
30 7. A method of manufacture of a thermistor comprising the steps 

of forming a powder of ceramic material having an electrical resistance 
which varies with temperature and with partial pressure of o:jygen; pre- 
paring sinterable wafer from said pov;der; affixing electrodes to said 
wafers; sintering said wafer and coating said body Tdth an oxygen im- 
35 pervious encapsulant. 
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8. A method according to Claim 7 wherein the wafer is sinter- 
ed to produce a "body having a density of from 7Z'^ to B^f! of the theor- 
etical density of the ceramic material. 
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